The mean crown diameters of stand-grown trees 5.0-in. dbh 
rown width models are commonly separated into two categories-models for open-grown trees and models for stand-grown trees. The dimensions of crowns in open settings approach maximum biological potential, while those of stand-grown trees are generally smaller due to the intluence of competition. Terminology developed by crown modelers in the western United States identifies models based on open-grown trees as "maximum crown width" (MCW) models, and those derived from stand-grown trees as "largest crown width" (LCW) models (Hann 1997) . Both types of models relate to the horizontal silhouette of a crown as defined by the vertical projection of its longest branch tips, hence the terms "maximum" and "largest." MCW and LCW approximate the mean diameter of this silhouette from field measurements of crown extension along two or more axes passing through the tree crown.
MCW models predict potential crown size and are primarily used to develop tree stocking guides (Smith and Gibbs 1970) and crown competition indices (Krajicek et al. 1961) . LCW models predict the actual size of tree crowns in forest settings, resulting in a variety of applications that include estimations of crown surface area and volume (Zarnoch et al. 2004) , forest canopy cover (Gill et al. ZOOO), tree-crown profiles (Hann 1999) , and wildlife habitat indices (Hays et al. 1981) .
LCW prediction models are appealing because the direct measurement of crown diameters in the field is costly,
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particularly for extensive inventories. The measurement of mean crown diameter with a logger's tape averages more than one minute per tree (Bechtold et al. 2002) . The objective of this article is to use extensive tree-and stand-level data gathered by the USDA Forest Service Forest Health Monitoring program (FHM) in the western United States to develop regional LCW prediction models for as many tree species as possible. A similar study has recently been conducted for species endemic to the eastern United States (Bechtold 2004).
Previous Studies
Significant relationships between crown width and stem diameter are well established for open-grown and standgrown trees of many species (Krajicek et al. 1961 , Dawkins 1963 , Hetherington 1967 . Simple linear relationships between crown width and stem diameter are often adequate, but quadratic expressions of stem diameter are known to improve crown-width models for some species (Paine and Hann 1982) . Although diameter at breast height (dbh) is the most common variable used in crown-width prediction models, LCW (and occasionally MCW) models have been supplemented with additional tree-level and stand-level variables. Moeur (1981) used total height and crown length in models for 11 species in the northern Rocky Mountains, as did Hann (1997) for IS species in western Oregon. Bechtold et al. (2002) found vertical crown ratio to be significant in models for 13 tree species in North Carolina. Bragg (2001) improved crown-diameter models for 20 species in the upper lake states by adding a term for basal area competition. Crown width also has been shown to vary by geographic location. Paine and Hann (1982) improved crown-width models for 11 of 15 species in southwest Oregon with the introduction of coordinates relating trees to a geographic reference point. To summarize, these studies show that measures of vertical tree dimension, stand density, and geographic location can improve crown-width models for some species over the use of stem diameter alone.
Methods

The Data
Between 1992 and 1999, the FHM program established a network of l/6-ac plots systematically distributed across eight western states (California, Colorado, Idaho, Nevada, Oregon, Utah, Washington, and Wyoming). In addition to crown diameters, a variety of other tree and stand parameters were measured for use as indicators of forest ecosystem productivity and sustainability. The FHM plot network has since been integrated with the Forest Inventory and Analysis (FIA) sampling grid (Stolte 2001) . Between 1992 and 1999, some plots were remeasured multiple times during successive inventories. To avoid problems with autocorrelation, only the most recent measurement of each tree was used for this analysis. After deleting species with less than 25 observations and applying additional screening restrictions as discussed below, the FHM dataset yielded a total of 21,689 observations from 983 forested plots across 8 western states.
The crown diameters used for this analysis conform to the LCWs of stand-grown trees. To ensure that only standgrown trees were included, those with an "open grown" crown class were deleted. For each sampled tree with a stem diameter of at least 5.0 in., field crews measured (with logger's tapes) the horizontal diameter of the widest axis of the crown, plus the dimension perpendicular to the widest axis. The arithmetic mean diameter calculated from these two field measurements is the dependent variable in the prediction equations that follow.
For most species, dbh was used as the independent variable for stem diameter. For species with shrub-like form designated as "woodland," diameter at rootcollar (drc) was substituted for dbh as the measure of stem diameter (USDA Forest Service 2002).
Live-crown ratio was investigated as a measure of vertical crown dimension potentially correlated with the crown diameters of species encountered in this study. Tree length, crown length, and height to crown base are similar variables used by other modelers but not available in the FHM dataset. The crown ratios used in this analysis adhere to the rules for "uncompacted" live crown ratio as specified by the USDA Forest Service (2002). The term "uncompacted" means that estimates of crown ratio were not reduced to compensate for gaps between the base of the live crown and the top of a tree.
Stand-level basal aredac was selected to quantify the effect of stand density on crown diameter. Basal areas were computed from all live tally trees with stem diameters 25.0 in. For woodland species, drc was substituted for dbh in the basal area calculations.
Latitude, longitude, and elevation are potentially useful for integrating the effect of geographic location. Because there is much interaction between these variables in the complex topography of the western United States, an index comprised of all three was identified as an additional candidate variable. Hopkins (1938) studied the phenologic occurrence of springtime and concluded that relative to a given geographic position, spring is delayed by 1 day for every 100 ft of elevation, 4 days for every 1 degree of northward latitude, and by 1 i/4 days for every 1 degree of westward longitude. Based on these relationships, Hopkins bioclimatic index (i.e., the number of days spring is delayed) was computed for each tree sampled relative to the mean elevation (5,549 ft), latitude (42.16 degrees), and longitude (-116.39 degrees) of all plots in the g-state region:
HI =I ('"r. (1) where: E = elevation (ft); UT = latitude (decimal degrees); and LON = longitude (decimal degrees).
A positive H value means that spring is delayed relative to the reference position, while a negative value indicates that spring is advanced.
Regression Models
Mean LC'W (in ft) was modeled as a function of one or more of the following terms associated with stem diameter. vertical crown dimension, stand density, and geographic location:
, or drc (in.) for woodland species; CR =live crown ratio (%); BA = stand-level basal area (ft'/ac); LAT = latitude (decimal degrees); LON = longitude (decimal degrees); E = elevation (ft); and HI = Hopkins index (days).
The candidate variables then were evaluated with a series of fixed and stepwise regressions designed to identify the best model for each species. The ranges of the variables used in the final models resulting from the regression analyses are provided in Table 1 .
Results and Discussion
Stem diameter and crown diameter are known to be highly correlated, so stem diameter was entered first into the ordinary least squares (OLS) regression:
where b, and h, are regression parameters estimated from the data. Examination of the residuals from the regression solutions indicated heteroscedasticity with respect to D for many species. A weighted least squares (WLS) approach thus was used for this and subsequent regressions to counter the effect of increasing variation with increasing stem diameter. Appropriate weights were determined by modeling the variance of the residuals from the OLS solutions as a function of D, as follows:
The LCW models were solved using OLS regression.
2.
The absolute values of the OLS residuals (K) were modeled as a function of D:
3.
The LCW models were solved again using WLS, where each observation was weighted by wi, the reciprocal of the estimated variance with respect to D;:
where i = 1 . . . n.
The D coefficients for pacific yew (7'ax~l.s hrevifolia) and golden chinkapin (Custanopsis chrysophylla) were not statistically significant at a P value of 0.05. Because the ability to develop biologically justifiable models was doubtful, and the numbers of observations were limited (30 each), these two species were deleted from the analysis. The number of species available for modeling thus was reduced to 53 from a previous total of 55.
Further examination of the residuals from Equation 2 indicated that a quadratic term might improve the models for some species. All species were thus re-fitted with the model
using WLS regression, and the quadratic term was retained for 14 species where the P-value associated with the D2 coefficient was significant at P = 0.05. On fixing D and D2 in those models where significant (i.e., retaining these terms in subsequent regressions), all models then were re-fitted with an additional term for crown ratio (CR):
LCW = b,, i-h,(D) + h2(D2) + hdCR).
(4)
CR then was retained for 39 species where its coefficient was significant (P = 0.05). At this stage, the signs of all coefficients were consistent and biologically reasonable. The coefficients associated with D were all positive, confirming a positive correlation between stem diameter and crown diameter. The coefficients associated with D2 all were negative, meaning that crown diameter approaches an upper biological limit as stem diameter increases. The coefficients associated with CR all were positive, indicating that large crowns tend to be large in all dimensions. After fixing D, D2, and CR in models where these terms were significant, all models were then re-fitted with an additional term for stand-level basal area (BA):
LCW = b,, + b,(D) + b2(D2) + b,(CR) + b,(BA). (5)
The BA term was statistically significant (P = 0.05) in models for 19 species. A negative correlation between stand density and crown diameter was expected, but the additional term exhibited a mixture of positive and negative coefficients. In the few models with BA coefficients that were negative and statistically significant, the partial R* values resulting from the addition of BA generally were less than 0.02. Because D and CR are tree-level variables highly correlated with stand density, the general instability and weak significance of the BA term was attributed to collinearity with D and CR. As a result, the utility of the BA term in any of these models is questionable, but it did yield minor improvement for a few species. The BA term thus was retained for nine species where it was statistically significant and the coefficient was negative. Again after fixing D, D2, CR, and BA in models where significant, all models were re-fitted with stepwise regressions where additional terms for LAT, LON, and E were entered as candidates. The stepwise procedure selected one or two of these geographic variables as statistically significant for many species, but there was no clear consistency. Different geographic terms were selected for different species, coefficient signs fluctuated between positive and negative for a given geographic variable, and some of the model intercepts changed dramatically. Over-parameterization, as well as interactions among latitude, longitude, and elevation made it impractical to include up to three different terms for geographic location, so Hopkins' (1938) bioclimatic index was investigated as an alternative.
Because Hopkins index was developed in the eastern United States, its applicability to western states is uncertain. The relationship between latitude, elevation, and climatic condition seemed reasonable for the West, but the negative effect of westward longitude was suspect-possibly attributable to distance from the moderating climatic effect of the Atlantic Ocean in the region where the index was developed. Theorizing that crown diameters generally should be smaller under climatic conditions where spring is delayed, correlations between LCW and latitude, longitude, and elevation were checked to verify a negative correlation between LCW and elevation, a negative correlation between LCW and iatitude, and a positive correlation between LCW and longitude. Among individual species, there was considerable fluctuation in the signs of the correlation coefficients for each of these variables (again attributed to latitude, longitude and elevation interactions); but when averaged across all 53 species, the means of the correlation coefficients exhibited signs that were consistent with Hopkins (193X).
With D, D2, CR, and BA fixed in models where significant, all models were then re-fitted with an additional term for Hopkins index (HI)
LCW = b. + b,(D) + MD')
+ b,(CR) + b,(BA) + bs (t-iO> (6) and HI was retained for 3 1 species for which its coefficient was significant (P = 0.05). Most of the coefficients associated with HI were negative, confirming that tree crowns generally are smaller in harsher climates where spring is delayed, but a few of the coefficients were positive. This was attributed to the possibility that competing species may drop out of the stand-level species mix as climatic conditions become more extreme.
Equation 6 thus was chosen as the best biologically justifiable model attainable from the available data, with Table 2 . Parameter estimates were significant (P = 0.05).
Equation 6": LCW = h,, + h,(D) + &CD*) + h,tCR) + h,(HA) + h,(HI)
with missing values were excluded from the regressions for species where they were determined to be nonsignificant. The root mean squared errors (RMSE) shown in Table 2 Although some of the model intercepts were also nonsigprovide estimates of the error in crown-diameter predictions nificant, these were retained to ensure that the resulting in terms of feet. RMSE, a common measure of model models were BLUE (best linear unbiased estimators).
performance, is most useful for comparing similar models for similar species among different studies. Comparisons among models involving dissimilar species are facilitated with the coefficient of variation (CV), which re-expresses RMSE as a percentage of the mean of the dependent variable:
where CV = RMSEILCW" 100,
RAISE = the root mean squared error from the regression solution; and LCW = mean LCW from the model predictions.
Comparisons of model performance among species has utility for applications such as the FIA program, which occasionally debates the merits of measuring versus modeling various inventory attributes. Species with models that yield low CVs and other satisfactory diagnostic statistics might be identified as candidates where model predictions can be used in lieu of field measurements. By species, coefficients of variation from the regression solutions ranged from 17 to 33%. The mean CV across all 53 species was 25%. Little difference was observed in the proportion of variation captured by the models among hardwood, softwood, woodland and nonwoodland species groups. The mean CV for each of these groups was about 25%.
Model R2 values from the solution of Equation 6 ranged from 0.15 for corkbark fir (A&es lasiocarpa var. nrizonica) to 0.85 for jeffrey pine (Pinus je@eyi). Mean R2 values across all species resulting from regression solutions of Equations 3, 4, 5, and 6 were 0.50, 0.55, 0.56, and 0.57, respe$vely. This suggests that the addition of crown ratio (to species where it was found to be statistically significant) increases partial R* values by an average of 0.05 across the 53 species tested here. The further addition of a term for basal area and geographic location (Hopkins index) each add another 0.01.
Because crown-ratio and geographic location data may not be available to some users and the gains from additional variables beyond stem diameter are only marginal for some species, the regression solutions from Equation 3 also are provided (Table 3) . Gering and May (I 995) built a case for simplicity when modeling the crown diameters of four species groups in Tennessee. Gill et al. (2000) concluded that dbh was the only predictor needed to model the crown radius of 13 species of western conifers, even though additional independent variables slightly improved some of their models. By individual species, gains in model precision resulting from the addition of crown ratio, basal area, and Hopkins index can be evaluated by comparing model statistics from Equation 3 in Table 3 with Equation 6 in  Table 2 .
Conclusions
Stem diameter is the strongest predictor of crown diameter for most tree species in the western United States. Stem diameter in quadratic form and additional terms for vertical crown ratio and geographic location improve the models for many species. Because stem diameter and crown ratio are correlated with stand density, an additional term for stand density is not generally needed but does yield minor improvement for a few species. Although model performance for some species can be enhanced by the addition of independent variables beyond stem diameter, the additional data may not be available to some potential users and the gains are marginal for some species, so there is also utility in presenting simpler models based solely on stem diameter.
